A B S T R A C T Forearm muscle metabolism was studied in eight obese subjects after an overnight, 3 and 24 day fast. Arterio-deep-venous differences of oxygen, carbon dioxide, glucose, lactate, pyruvate, free fatty acids, acetoacetate, and P-hydroxybutyrate with simultaneous forearm blood flow were measured. Rates of metabolite utilization and production were thus estimated. Oxygen consumption and lactate and pyruvate production remained relatively constant at each fasting period. Glucose, initially the major substrate consumed, showed decreased consumption after 3 and 24 days of fasting. Acetoacetate and P-hydroxybutyrate consumption after an overnight fast was low. At 3 days of fasting with increased arterial concentrations of acetoactate and P-hydroxybutyrate, consumption of these substrates rose dramatically. At 24 days of fasting, despite further elevation of arterial levels of acetoacetate and P-hydroxybutyrate, the utilization of acetoacetate did not increase further and if anything decreased, while five out of eight subjects released P-hydroxybutyrate across the forearm. Acetoacetate was preferentially extracted over P-hydroxybutyrate. At 24 days of starvation, free fatty acids were the principal fuels extracted by forearm muscle; at this time there was a decreased glucose and also ketone-body consumption by skeletal muscle.
INTRODUCTION
Tissues preferentially utilize a fuel for oxidative metabolism depending on its arterial concentration, its availability relative to that of other substrates, and the hormonal milieu. Because progressive starvation markedly changes the blood levels of available fuels and hormones (1) (2) (3) (4) , caloric deprivation for weight reduction may be employed to examine the effects of altered substrate presentation on human forearm muscle metabolism. Received for publication 10 August 1970 and in revised form 16 February 1971. which is under normal physiologic control and permits quantitative measurement of substrate utilization or production.
Glucose consumption by muscle diminishes with fasting (6, 7) and indirect data suggest that acetoacetate (AcAc)1 and f8-hydroxybutyrate (,8-OHB) are not major substrates for muscle metabolism after prolonged starvation (4) .
In vitro studies using cardiac, striated, or diaphragmatic muscle tissue indicate that free fatty acids (FFA), AcAc, and/or ,8-OHB are oxidized preferentially to glucose and lactate (8) (9) (10) (11) (12) . However, the competitive interplay among FFA, AcAc, and P-OHB by muscle under physiologic conditions has not been well defined.
The purpose of this study was to delineate the patterns of substrate consumption and/or production by muscle tissue in the forearm of man undergoing prolonged starvation for weight reduction. More specifically, it was our aim not only to determine the interplay between fatty acid and carbohydrate substrates, but also to quantitate the selective consumption by muscle of FFA, AcAc, and j8-OHB with changing arterial concentrations of these substrates.
METHODS
Subjects. Eight obese volunteers were selected for admission to the General Clinical Research Center of the Temple University Hospital (Table I) . Before admission each subject was informed of the procedure planned and the potential risks involved in both starvation and forearm catheterization. During the prestarvation period, all subjects had normal hemograms, urinalyses, and serum-thyroxine levels. Of serum enzymes (alkaline phosphatase, lactic dehydrogenase, and glutamic oxaloacetate transaminase), only I. J. had an elevated SGOT before starvation. The electrocardiogram of J. C. showed a complete right bundle-branch block, B. J. showed left ventricular hypertrophy, and L. J.
showed left axis deviation and evidence of old lateral ven- During a prestarvation period of 5-7 days, subjects were fed a 2500 kcal per day diet consisting of 300 g carbohydrate, 100 g protein, and 85 g fat. After baseline blood was obtained, an intravenous glucose-tolerance test was performed in each subject. Glucose (0.5 g/kg body weight) was infused intravenously and blood was drawn for analysis at 10 min intervals for 1 hr and then at 90 and 120 min. I. J. and C. M. were known diabetics at the time of admission (Table I) Techniques for studying forearm metabolism. The ZuntzFick principle has been applied to the measurement of the exchange of metabolites between blood and muscle tissue of forearm (13, 14) . In this study, forearm blood flow, volume (determined by water displacement), and arteriovenous differences of energy-yielding substrates and respiratory gases were measured after an overnight, 3 In questionable instances, the position of the catheter was determined from X-rays. Venous-effluent blood was thus predominantly from muscle. After the venous catheter was in place, the arm tourniquet was removed. Approximately 30 min after the dye infusion was initiated and exactly 5 min before the first blood sampling, blood flow through the wrist and hand was excluded by positioning a pediatric blood pressure cuff (9 cm wide) about the wrist and inflating it to 100 mm Hg above the subjects' systolic blood pressure. After blood sampling, the cuff was deflated for 10 min. The cycle was repeated at 15 min intervals. Excluding the circulation through the wrist and hand, thus diminishing blood flow through the forearm, magnified the arteriovenous differences, and made them more easily detectable. Blood samples were drawn simultaneously during a 30-60 sec timed interval from the arterial and deep venous catheters. An average of three arteriovenous blood collections was completed.
Chemical analysis of blood. Immediately after withdrawal, 10 ml of blood was injected into a 10 ml of icecold 1 M perchloric acid and mixed. After centrifugation at 4VC, supernatant portions were analyzed as quickly as possible for pyruvate by standard enzymatic techniques (15) . The remaining supernatant was stored overnight at -20'C. AcAc and f8-OHB were measured by a modification of the method of Williamson, Mellanby, and Krebs (3, Calculations. (a) Rates of extraction and/or production were derived by combining regional blood flow (BF) with arteriovenous differences (A-V) and are expressed as micromoles/100 ml of forearm per min. (c) Calculation of the consumption of an extracted substrate to CO2 and H20 must take into account other byproducts of metabolism. Also, since approximately 2-3% of forearm volume is probably occupied by mature erythrocytes (5) which derive their energy from glycolysis of glucose to lactate, at least part of the extracted glucose and lactate production is due to blood cells as they transverse the forearm. To prevent a gross overestimate of glucose consumption (GC), lactate production (L) was considered. Glucose consumption was estimated from the formula: 
RESULTS
Arterial respiratory gases, substrates, and insulins. Table III shows the arterial oxygen, carbon dioxide, glucose, lactate, pyruvate, FFA, AcAc, and P-OHB, and serum insulin concentrations during progressive starvation. The oxygen, lactate, and pyruvate concentrations which remained relatively constant throughout the fast are comparable to those in overnight-fasted subjects and the decreased C02 concentration observed at 3 and 24 days is consistent with the ketoacidosis of starvation (14, (25) (26) (27) and as given in White, Handler, and Smith (28) , and as reviewed by Oliva (29) . Glucose was decreased after 3 or 24 days of fasting. FFA rose significantly during the first 3 days of fasting (P < 0.05). However, the slight further increase in FFA observed at 24 days of fasting was not significant when com- (5, (31) (32) (33) . The small, statistically insignificant increase in blood flow after fasting probably reflects the loss of forearm volume. After an overnight fast, the average forearm volume, measured from above the sphygmomanometer cuff to the antecubital crease, was 1373 ml which decreased to an average of 1223 ml after 24 days of fasting. (Table IV) . There was a significant net uptake of 8-OHB after the overnight fast in all subjects except in one of the known diabetic subjects, C. M. Unfortunately, catheterization attempts on C. M. were unsuccessful after the 3 day fast. Only I. J., the other known diabetic subject, showed a net release of f8-OHB after the 3 day fast. After the 24 day fast three subjects extracted f-OHB and five subjects, four of whom were diabetic, consistently released f-OHB across the deep forearm tissue. The mean net release of #-OHB by the forearm of these eight subjects was not statistically significant when compared with the overnight or 3 day fast. However, this lack of statistical significance arises primarily from the fact that there were large individual variations among the subjects.
The per cent extraction of arterial AcAc and #-OHB decreased with progressive starvation. After an overnight fast, means of about 40% of arterial AcAc and 12% of arterial f-OHB were extracted. Therefore, the P-OHB/AcAc ratios in the arterial and venous blood differed. Hagenfeldt and Wahren (30) reported on A-V difference of about 50% for both AcAc and j-OHB across the resting forearm muscle and, therefore, no alteration in arterial and venous ratio of these substrates (38) .
Rates of extraction and production. Calculated rates of extraction or production of respiratory gases and substrates are presented in Table V . There was no detectable reduction in oxygen requirements/100 ml of forearm by deep tissue (mainly muscle) in the resting state during prolonged fasting. At rest and with adequate oxygenation, deep-venous lactate concentration always exceeded arterial lactate concentration.
The mean glucose extraction diminished during starvation (Table V) . Glucose consumption. which takes into account lactate production, apparently decreased by 3 days and remained low at 24 days. After an overnight fast, glucose consumption was 0.946 jumoles/min,2 which exceeds that previously reported in nonobese subjects (34, 39). Rabinowitz and Zierler studied six obese subjects after an overnight fast and reported that the mean forearm-muscle extraction of glucose was about twice that of their nonobese controls. While their obese subjects were approximately 20% overweight (40) , ours varied from 41 to 231% overweight (Table I) . Furthermore, our obese subjects had a relative hyperinsulinemia as well as a hyperglycemia when compared to an age and sex matched, nonobese population studied in our laboratories (glucose = 4.46 ±0.14 mmoles/liter, n = 8, and insulin = 16 ±2.8 uU/ml, n = 8). Christensen and Orskov (41) reported a highly significant correlation between muscle glucose uptake and simultaneous arterial-serum insulin concentration using the human forearm preparation. The degree of obesity and the accompanying hyperinsulinemia and hyperglycemia may in part be responsible for the observed differences.
After 3 days of fasting, the mean glucose extraction was decreased to 0.425 Amoles/min, a value apparently below that of an overnight fast (1.18 /Amoles/min). Although a greater fraction of glucose extracted was accounted for by lactate production, there persisted a 'Hereafter, rates of exchange will be expressed as micromoles/min with 100 ml of forearm understood.
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small net glucose consumption of 0.160 umoles/min. In studies of four nonobese subjects fasted for 66 hr, Zierler and Rabinowitz (7) reported a similar uptake; however, glucose extraction was totally accounted for by lactate production. These differences are small and are probably due to the limited number of subjects investigated in both studies. After 24 days of fasting, glucose extraction was 0.452,omoles/min, a value similar to that observed after 3 days of fasting, and apparently less than that obtained after an overnight fast. Felig, Pozefsky, Marliss, and Cahill (6) reported a similar fall in glucose extraction across the forearm of obese subjects after prolonged starvation. Glucose consumption at 24 days of starvation was estimated to be 0.235 Amoles/min.
Extraction of AcAc and ,8-OHB was observed after the overnight fast. Although the fractional uptakes for AcAc and P-OHB were high (Tables II-IV), they were not major energy-yielding substrates due to their low arterial concentrations. In fact, only 0.153 omoles/ min of AcAc and 0.079 iomoles/min of 6-OHB were extracted (Table V) . After 3 days of starvation, the arterial levels of AcAc and 6-OHB had risen about 8-and 12-fold, respectively, and 0.894 omoles/min of AcAc and 0.387 jmoles/min of P-OHB were extracted, indicating that these substrates were major respiratory fuels. After 24 days of fasting and a further 2-fold rise in arterial level, AcAc extraction was only 0.660 ,smoles/min. Thus, in spite of an increase in arterial AcAc availability, the uptake did not increase any further, and if anything decreased. The increased uptake of AcAc at 3 and 24 days is statistically significant when compared to the overnight extraction (P < 0.05).
Although a similar increase occurred in the arterial level of f-OHB there was a paradoxical net mean release of 0.208 omoles/min of this substrate across the forearm muscle after 24 days of starvation. Thus, forearm tissue (muscle) preferentially extracts AcAc over f-OHB during starvation ketosis.
The rapid reduction of AcAc to P-OHB has been known for many years (42) , and the dehydrogenase responsible for this reaction has been localized in the mitochondrial cristae of many tissues, including liver, kidney, brain, and muscle (43) . With high AcAc concentrations in the media, Williamson and Krebs (44), using the isolated-perfused rat heart, reported that the disappearance of AcAc was accompanied by the formation of P-OHB, the amount being about half that of the AcAc removed. Bassenge et al. (45) reported similar findings from in vivo studies by determining arteriovenous differences across dog myocardium. Hagenfeldt and Wahren reported a net production of P-OHB from the exercising forearm muscle (30) . Wiedemann hepatic tissues is an inseparable aspect of their ability to utilize AcAc as a fuel of respiration (46) . Once the enzymes required for AcAc utilization are sufficiently active, the ketogenic capacity of tissues can be manifested providing the concentration of acetyl CoA derived from FFA, pyruvate, or ketone-bodies is relatively high. It cannot be determined from this study whether there was de novo synthesis of #-OHB from acetyl-CoA or simple reduction of AcAc to #-OHB. However, there was a net release of #-OHB across the forearm muscle in five of eight subjects starved for 24 days. Support for the possibility that there is altered consumption of glucose, AcAc, 8-OHB, and FFA as starvation progresses can be obtained from a metabolic balance for each period. Table V presents the calculated mean values for metabolites removed or produced in micromoles/100 ml of forearm per min, and Fig. 1 presents the calculated oxygen equivalents in percentage of measured oxygen extraction needed for total combustion of these substrates to C02. There is good agreement between the total calculated oxygen consumption Human Forearm Metabolism during Progressive Starvation and that determined directly and graphically represented in Fig. 1 . Further support that there are changing patterns of substrate consumption as starvation progresses can be derived from calculating the mean respiratory quotients for each fasting period from the data in Table  V . Respiratory quotients (RQ) of 0.86 after the overnight fast and 0.86 after the 3 day fast, suggest that glucose and/or ketoacids are the major metabolic fuels at these times. A RQ of 0.77 after the 24 day fast implies that FFA are the major substrates. That there was an actual decreased consumption of glucose, AcAc, and f-OHB by forearm muscle after 24 days of starvation was suggested by the observation that there was a significant extraction of FFA across the deep forearm tissue at this time (P < 0.05), thus excluding the oxidation of other substrates. It is reasonable to assume that the extracted FFA are oxidized and not stored by deep forearm tissue during this catabolic state of prolonged starvation.
DISCUSSION
During the resting state, roughly 30% of total body oxidative metabolism occurs in the striated muscle mass of man. Thus, the fuels of respiration utilized by muscle are important in determining over-all body metabolism.
Forearm metabolism was investigated after an overnight, 3 and 24 day fasting period because these stages of starvation represent times when arterial substrate availability and serum insulin concentrations have changed drastically. A relatively constant metabolic steady state develops after about 24 days of starvation, when the concentrations of blood substrates and hormones are comparable on a day-to-day basis (4) .
The changing patterns of substrate consumption by forearm muscle during progressive starvation are graphically illustrated in Fig. 1 . After an overnight fast, glucose consumption accounted for about 58% of the oxygen uptake. During starvation the supply of glucose and of available gluconeogenic precursors is limited which necessitates that muscle derive its metabolic "fuels" from noncarbohydrate substrates (47) . This is dramatically shown by a reduction in glucose uptake at 3 and 24 days of starvation, to amounts accounting for 9-13% of the extracted oxygen. These estimates of glucose uptake by muscle, when corrected only for lactate release, are probably in excess. Felig et al. (6) recently described a glucose-alanine-glucose cycle involving striated muscle that is analogous to the glucoselactate-glucose (Cori) cycle. In this cyclic process, the glucose extracted by muscle is glycolyzed to pyruvate which is then transaminated to alanine and released into the circulation for subsequent removal by the liver for glucose production. Thus, the quantity of lactate produced by blood cells ( Table VI . The estimated ketonebody production rate of 109 g/day can be compared to utilization rate of 112 g/day (4, 51). The discrepancy between AcAc and f-OHB production and utilization ratio may be due to temporal differences, since more AcAc is converted to fi-OHB by peripheral tissues as starvation progresses.
After prolonged starvation, brain (51) and kidney (4) but not muscle, appear to be the principal sites of ketone-body utilization. Basso and Havel recently reported decreased utilization of ketone-bodies across the hind leg (mainly muscle) of depancreatinized dogs (52) . Thus, there appears to be impaired ketone-body utilization by skeletal muscle in both prolonged starvation and depancreatinized diabetes.
In ketoacidotic diabetic patients, Kety, Polis, Nadler, and Schmidt (53) were unable to demonstrate ketone- 
